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Summary

In this program experimental studies supported by extensive numerical simulations were
conducted to examine the effects of low density flows and real gas effects on the aerothermal
characteristics of the flows in hypervelocity facilities and in simple and complex flowfields in
hypervelocity flows. Following the earlier code validation studies to examine shock wave and
shock/shock boundary layer interactions in laminar hypersonic nitrogen flows over the hollow
cylinder/flare and double cone configurations, a series of studies were conducted at low
Reynolds numbers to provide measurements with which to examine the performance of modified
Navier-Stokes and DSMC methods to accurately compute the complex regions of shock
boundary layer and shock/shock interaction over these models in low density flows. These
studies demonstrated that in the absence of real gas effects the DSMC solutions, and Navier-
Stokes solutions accounting for slip effects, were in excellent agreement with the measurements.
The remainder of the program focused on experimental and numerical studies to examine real
gas effects on facility flows and the flows over simple and complex body shapes, with the latter
configurations designed to generate complex regions of laminar, shock/shock and
shock/boundary layer interactions. The experimental studies were conducted in the LENS I
shock tunnel and LENS X expansion tunnel. An extensive series of calibration and validation
studies were performed to define the freestream flows in the LENS I tunnel for low density flows
and high enthalpy flows at velocities up to 16,000 ft/s. Also preliminary studies were conducted
to investigate the flows in the newly constructed LENS X expansion tunnel where again the
experimental studies were supported with extensive numerical simulations. In both the LENS I
and LENS X facility measurements were made to examine real gas effects over simple
cylindrical, spherical, and conical nose shapes. Also, a major study was conducted to develop
and employ laser diagnostics to measure the velocity and concentrations of NO and oxygen in
the air stream. These measurements together with measurements on the walls of the nozzles were
conducted to evaluate the chemical modeling employed in Navier-Stokes solutions for the nozzle
flows. It was observed that in high enthalpy flows (V - 14,000 ft/s) that while the measurements
of velocity were in good agreement with prediction, the measurements of NO concentration
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(- 2% to 3%) were significantly less than the predicted values (-6%). The measurements on the
double cone configuration in air and nitrogen flows demonstrated that while there was little
effect of real gas chemistry on the structure of the interaction regions at velocities below
10,000 ft/s, at velocities above 13,000 ft/s there were significant differences between the
interaction regions in nitrogen and air flows. While the computations agreed with the
measurements in nitrogen at the higher velocities, they differed significantly both in the size and
properties of the interaction regions in air flow at velocities above 13,000 ft/s. The studies with
the double cone configuration were followed by a major experimental program to evaluate real
gas effects over a shuttle configuration. Here the major emphasis was on examining the real gas
effects on the separated regions induced by shock wave/boundary layer interaction over the
control surfaces, and in the expansion regions over the curved surfaces at the rear of the shuttle.
These studies again demonstrated that real gas effects decrease the size of the interaction region
over the flap control surface, in fact increasing its effectiveness. However, we observed that flow
over the adjacent curved surfaces was influenced by flow chemistry with a reduction in pressure
relative to the flow without significant dissociation, causing the pressures on the adjacent curved
section of the wing to be lower because of nonequilibrium effects in the freestream. In these
studies it was also observed that real gas chemistry can have a significant destabilizing effect on
boundary layer transition, resulting in boundary layer and shear layers which become transitional
or turbulent at lower Reynolds numbers than observed for flows in the absence of chemistry.
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INTRODUCTION

Even after a period of 25 years from when it was postulated that the aerodynamic control
problems encountered during the first shuttle flight (STS-1) resulting from real gas and viscous
interaction effects, and can significantly influence the stability and aerothermal loads on vehicles
traveling at velocities above 12,000 ft/s, definitive sets of measurements are yet to be made to
validate these suggestions. (Ref. 1). The design of new capsules for interplanetary flight as well
as maneuvering re-entry vehicles and high-speed interceptors will rely on computer codes to
predict real gas effects on the stability of the vehicle, the occurrence of boundary layer transition,
and the characteristics of the regions of shock wave/boundary layer interaction. Even the most
recent codes incorporating the most sophisticated chemistry models have yet to be directly
validated for conditions above Mach 10 by direct comparison with experimental data. Recent
studies by ESA with the Apollo capsule as well as DoD studies of maneuvering re-entry vehicles
(Figure 1) have again demonstrated that we lack the ability to accurately predict real gas plasmas
and their effects on boundary layer transition and vehicle stability at Mach 14 and above.

The problems with the control characteristics of the first flight of the U.S. Space Shuttle
during its entry into the atmosphere (Figure 2) highlighted the importance of understanding and
predicting the combined effects of viscous/inviscid interaction and flow chemistry effects in the
laminar, high temperature hypervelocity flow regime. The inability to predict the pitch and
moment characteristics of the shuttle has been attributed in part to the inability of ground test
capabilities to simulate, and design methods to accurately assess, the decrease in flap
effectiveness resulting from viscous/inviscid interaction and the effects of flowfield chemistry on
the pressures over the flaps and on the curved adjacent surfaces (Figure 3). Explanations of the
"shuttle anomaly" have relied heavily on numerical computations and, to a lesser extent testing
in CF4, to explain the differences between ground test measurements and flight test performance.
However, models of flowfield air chemistry in this high-temperature flow regime, where
temperatures in the shock layer are large enough to cause dissociation of both the oxygen and
nitrogen molecules (see Figure 4), have not been validated directly at conditions where a
decrease in control effectiveness was observed. Likewise testing in a gas with a fixed lower
specific heat ratio (y) (see Figure 5) has very limited application to simulate the non-equilibrium
relaxation processes that occur on vehicles entering the atmosphere at above 5 km/sec. While
significant advances have been made in the accuracy and robustness of numerical codes, the
advancements in the understanding and modeling of flowfield chemistry since the design of the
shuttle have been relatively small and there have been no systematic studies, either experimental
or numerical, to validate them.

The experimental studies of real gas effects on vehicle aerothermodynamics presented in this
report build on our preliminary research to investigate nonequilibrium chemistry effects in
14 kft/sec air flow over a blunted cone/flare configuration (Ref. 2), studies at similar velocities
over a 25°/600 double cone configuration, and measurements in Type IV shock/shock interaction
regions (Ref. 3). Although significant nonequilibrium air chemistry was generated over the
blunted cone/flare model (see Figure 6), comparisons between the measurements and predictions
shown in Figure 7 indicate that boundary layer transition, which occurred at the cone/flare
junction, masked any effects resulting from flowfield chemistry. Measurements in nitrogen and
air in regions of shock/boundary layer and shock/ shock interaction over a 250/600 double cone
configuration and shock interaction models respectively, did not provide definitive evidence to
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evaluate real gas effects. Comparisons between the measurements on the double cone
configuration (shown in Figure 8a) and Candler's unsteady solutions to the Navier-Stokes equa-
tions are shown in Figures 8b and 8c. While both theory and experiment indicate significant real
gas effects, the computed results were unsteady while measurements indicated the flow was
steady. Comparisons between numerical prediction and experiments for Type IV shock/ shock
interaction on a cylindrical leading edge (see Figure 9a) in high enthalpy flows shown in
Figures 9b and 9c again produced inconclusive results.

Based on our earlier results (Ref. 2), it was clear that to provide measurements of code vali-
dation quality, detailed experimental measurements in well-defined interaction regions with air
and nitrogen freestreams over simple and complex models were required. Our more recent
studies with the 250/55' double cone configuration demonstrated that this configuration provides
one of the most suitable models for code validation studies. The facility calibration studies
conducted during this program in both air and nitrogen flows employed nozzle and freestream
measurements, coupled with detailed numerical simulations of the flows in the reservoir, nozzle
and test section of the tunnel, and have provided us with a rational procedure for computing non-
equilibrium freestream conditions. The addition of the LENS X expansion tunnel has also
provided us with the potential to generate hypervelocity flows in the absence of freestream
dissociation.
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(a) Photograph of Double Cone Model Used in Earlier Real Gas Studies
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(a) Photograph of Shock/Shock Interaction Model
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CALIBRATION AND VALIDATION OF THE LENS I SHOCK TUNNEL AND LENS X
EXPANSION TUNNEL TO PERFORM EXPERIMENTAL STUDIES IN LOW

DENSITY AND HIGH ENTHALPY FLOWS

Introduction

A major part of the program to evaluate low density and real gas effects on the aerothermal
characteristics of vehicles designed to fly at hypersonic speeds was an experimental program to
investigate and validate the characteristics of the ground test facilities we employed to generate
low density and high enthalpy flows. In this program, we employed the LENS I and LENS X test
facilities to generate velocities between 7,000 and 16,000 ft/s in nitrogen, air and CO.2. flows. The
LENS I facility is a reflected shock tunnel where a reservoir of high temperature, high pressure
gas is generated by reflecting a strong shock from the endwall of the tunnel. In this reservoir
region, the gas reaches temperatures up to 10,000'K resulting in significant vibration and
dissociation effects which can persist as the flow is expanded into the test section of the tunnel. It
is of key importance to know the level of the nonequilibrium flow chemistry in the test section as
well as to accurately predict these flows. The LENS X facility is an expansion tunnel where the
flow is both heated and compressed initially with a shock wave and then energy added
employing an unsteady expansion so that with the correct set of initial conditions the flow
entering the test section can have little or no real gas chemistry. Generally the drawbacks of the
expansion tunnel are very short test times (of the order of~- 50 [is); however the LENS X facility
is so large that test times up to 3 msec can be generated. The LENS X facility was constructed
during this program (with other funding) and calibration was performed to investigate and
validate the flows at the end of the expansion section upstream of the nozzle and in the test
section of the tunnel. A major advantage of employing the two facilities is by testing in the
LENS I and LENS X at the same velocity we can examine real gas effects over the model with
different levels of nonequilibrium in the freestream.

The calibration/validation studies performed in the LENS I and X tunnels consisted of
measurements in the reservoir and test sections of the tunnels with conventional wall and
freestream intrusive probe assemblies as well as with the newly developed laser diode
techniques. Because of the thermally stressing high enthalpy environment, these measurements
are not simple to make, and significant instrumentation development was undertaken to obtain
accurate measurements particularly for the heat transfer and pressure measurements in the small
probes employed in our survey rakes. Also specialized experimental apparatus were constructed
for the laser diode measurements to minimize extraneous effects associated with the shear flows
at the edges of the nozzle flow.

As a key part of this work, numerical computations were performed with Candler's nozzle
codes employing the most recent models of nonequilibrium flow chemistry and models for the
development of the turbulent boundary layer in the strong favorable pressure gradient developed
along the nozzle. The DPLR code as developed by Michael Wright of NASA/Ames was also
employed extensively to calculate the nonequilibrium flows over both simple and complex
model configurations.

A06-U-006 11



Calibration and Validation of the Flows in the LENS I Reflected Shock Tunnel at Low
Density and High Enthalpy Conditions

The LENS I and II are reflected shock tunnels (Ref. 5) with the capabilities of conducting
tests from Mach 4 to 18 at altitudes down to sea level and up to over 80 km illustrated in the
velocity/altitude map as shown in Figure 10. Figure 11 shows a photograph of the driven
sections, nozzles, and test sections of the LENS I and II. The LENS I, shown schematically in
Figure 12, is a reflected shock tunnel with an 8-inch diameter driven tube which is 90 ft in
length. The heated driver section can be operated with mixtures of nitrogen, helium and
hydrogen; a helium buffer gas is employed in the double-diaphragm valve. This tunnel can be
operated under tailored interface conditions up to velocities of 15 kft/s. When operated at the 10
kft/s and 14 kft/s conditions, we obtain run times of 12 and 6 ms, respectively, giving over 200
flow lengths over the double cone model.

A major part of the current program was directed toward obtaining and establishing well-
defined freestream conditions to provide accurate upstream conditions for the numerical
simulations and the experimental correlations. Both experiment and Navier-Stokes computations
were employed to generate the freestream conditions and the nonequilibrium test conditions were
computed using a method developed in this program. Measurements were made across the exit
plane of the tunnel using high-frequency pressure and thin film heat transfer instrumentation
installed in pitot pressure and stagnation point heat transfer probes respectively. Measurements
were also made with spherical, cylindrical and conical probes containing similar instrumentation.
A photograph of the survey rake containing this instrumentation is shown in Figure 13. In
addition to measurements with the survey rake, measurements were made in the driven tube and
reservoir of the tunnel; and heat transfer measurements were made along the nozzle. A
photograph showing the rays of heat transfer instrumentation in the nozzle and the survey rake is
shown in Figure 14. The heat transfer measurements made along the nozzle for two major test
cases are compared in Figure 15 with Navier-Stokes calculations where we selected the
turbulence model which most effectively replicated the experimental data. Nozzle flow calcu-
lations were obtained with the selected turbulence model for a number of different models
describing the nonequilibrium flow chemistry. These calculations are compared with the
measured Mach number distribution in Figure 16. Again, the chemistry model which gave the
best agreement with experiment over a large range of test conditions was selected to calculate the
freestream conditions which were supplied to the computationalist and used to
nondimensionalize the experimental data. To further validate our procedures for calculating test
conditions, measurements were made around spherical nosetips and along the stagnation line of a
circular cylinder (Figure 17).

During the tunnel calibration for the studies of low density flow, heat transfer measurements
were made around hemispherical nosetips and along the stagnation line of a small circular
cylinder to provide information with which to evaluate the performance of Navier-Stokes and
DSMC prediction methods in high temperature, low density flows for Reynolds numbers down
to values of 100 for the circular cylinder and 1,000 for the hemispherical nosetip. Two
hemispherical nosetips were mounted in the survey rake (shown in Figure 17a) during the
calibration studies. Figure 17b is an enlargement taken from Figure 17a showing the contoured
thin-film heat transfer buttons which were installed around the hemispherical nosetip. We
employed platinum thin-film gages both uncoated and coated with a silicon dioxide to provide
catalytic and noncatalytic surfaces to investigate catalytic wall effects. This figure shows a
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photograph of the 0.17-inch diameter cylinder instrumented with eight thin-film heat transfer
gages along its centerline. Heat transfer measurements were obtained with this probe over a
Reynolds number (based on cylinder diameter) from 100 to 1,000. Measurements were made on
the hemispherical and cylindrical nosetips over a range of velocity and density freestream
conditions to obtain flowfields which spanned the continuum to the fully merged rarefied flow
regime. The comparison between the measured heat transfer distribution on the hemispherical
nosetips and the results from the simple Fay Riddell prediction technique suggests that even
down to Reynolds numbers of 1,000 (Figures 18 to 20) this simple prediction technique can be
used with good accuracy. This is further illustrated in Figure 21, which is a compilation of all the
measurements nondimensionalized by the Fay Riddell prediction, giving a value of close to 1
over the Reynolds number span at which the studies were conducted.

The measurements on the 0.175-inch diameter cylinder, however, indicate that at the very
low Reynolds numbers at which the studies were conducted the heating rate drops below that
predicted by Fay Riddell. Figure 22a shows distribution of heating across the cylinder for the 12
run conditions at which this study was conducted. Here it can be seen that the nondimensional
heating varies between 1 and 0.8 depending on the freestream conditions. Plotting these
measurements against the cylinder Reynolds number as shown in Figure 22b, we observe that for
Reynolds numbers close to 1,000, the measurements are close to the Fay Riddell value. When the
Reynolds number drops close to 100 there is a 20% decrease in the heating level. The
consistency between the measurements with the coated and uncoated instrumentation indicated
that for the test conditions at which these studies were conducted, surface catalysis did not have a
significant influence on the stagnation heating value.

The studies summarized here were reported in AIAA Paper 2004-0916 and AIAA Paper
2004-0529.
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Figure 11 Photograph of the LENS I and 11 Reflected Shock Tunnels
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Figure 13 Survey Rake containing Instrumentation to Measure Pitot and Static
Pressure, Heating Distributions on Cylinders and Spheres, and Cone
Pressures and Heating

Figure 14 Photograph showing Instrumented Nozzle and Survey Rake Positioned
in the Exit Plane of the Nozzle to Evaluate and Define Test Conditions
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LASER DIODE MEASUREMENTS OF NONEQUILIBRIUM EFFECTS IN FACILITY
AIR FLOW

Introduction

The LENS I hypersonic shock tunnel facility located in Buffalo, N.Y. is capable of producing
a freestream velocity of greater than 14,000 ftls (Ref. 6). The high enthalpy operation of the
facility results in compressed and shock heated test gases than can attain a temperature of greater
than 8,000'K at the end wall. At these very high temperatures the test gas undergoes
dissociation. The test gas cannot recover to initial conditions due to dissociation at high
temperature.

For velocities below 8,000 ft/s, the LENS I and LENS II shock tunnels produce fully
duplicated conditions for a large range of flight trajectories as shown in Figure 10. At higher
velocity there are small levels of dissociated products, frozen during the expansion, in the test
section. Nonequilibrium chemistry models have been developed (Ref. 7), to predict the Nitric
Oxide (NO) concentration in the freestream gas. At CUBRC we have constructed a continuous
wave Quantum Cascade Laser (QCL) tunable-laser absorption spectrometer to measure the nitric
oxide concentration, velocity and translational temperature in the freestream during the 5-10
millisecond test period of the LENS I hypersonic shock tunnel facility.

Experimental Setup and Optical Interface

The measurement of the freestream velocity in the LENS I tunnel can be obtained through
absorption spectroscopy if the wavelength sensitivity of the measurement has sufficient
resolution. The doppler shift technique is a robust method that depends only on the accuracy of
the geometrical measurement of the projected beam path, and the accuracy of the measured
wavelength shift of the absorption feature. In Figure 23 the physics of the velocity measurement
is summarized.

In hypersonic test facilities the introduction of a laser beam into the flow can be complicated
by boudary layer effects as the beam passes through the side walls of the facility, passing
through the boundary layer of the expanding core flow. To mitigate these effects and provide the
smallest possible beam steering effects for the measurement, an optical interface was designed
and installed. As shown in Figure 24, the optical interface consists of two parallel plates (to the
flow) with flush mounted CaF.2. windows. The flat plate arrangement is known to have a
minimal beam steering effect on the laser beam, of the order of 5 microns. The flat plate probes
are designed to allow for the adjustment of the plate spacing from 15 cm to 70 cm. The
adjustment of the plate spacing allows the experimenter to optimize the absorption feature
transmission to within the desired 80% to 10% transmission, based on the expected freestream
conditions. Two inch CaF.2 windows with 30 minutes of wedge were mounted into the flat
plates. The wedges were desired to minimize etalon effects from interference of the transmitted
beam with secondary reflections off the surfaces of the windows. Similar windows were
mounted into 16-inch optical blanks. The center spacing of the tunnel wall-mounted CaF.2
windows was 12 inches. Due to geometrical constraints and the desire to measure velocity while
other probes are installed in the tunnel, the measurements had to be performed constrained to a
single window blank, thus the 12-inch separation of the external tank windows. To maximize
the doppler shift effect the beams were crossed and the upstream and downstream beam were
measured with high speed LN.2. cooled InSb detectors with 20 ns rise time. The acquisition
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system is based on 200 MHz cards providing adequate temporal resolution to measure the
absorption feature line shape accurately for 1 ms scans across the nitric oxide absorption feature.

QCL Laser Spectrometer

The QCL laser spectrometer for nitric oxide measurements has been described previously; in
this report we describe modifications to allow for the measurement of the freestream velocity
using the Doppler shift technique (Ref. 8). The QCL spectrometer is based on a room tempera-
ture quantum cascade diode from Alpes Lasers Inc., a ZnSe aspheric lens is used to collimate the
beam from the diode and project it to a turning mirror for the upstream path of the velocity
measurement setup. A ZnSe wedge is used to split the beam and send a portion of the radiation
to a second leg which is introduced into the tunnel at an angle downstream with the flow. The
crossed beam measurement doubles the doppler effect relative to a single path perpendicular to
the flow with a second beam following one of the angled paths. A schematic representation of
the experimental measurement is shown in Figure 25.

In Figure 26 the schematic representation of a typical TDLAS system is presented. Note that
the laser diode is driven by an increasing current, usually a ramp current. This causes the laser
diode to increase in temperature and thus slightly shifts the wavelength of the laser emission.
Also the intensity of the laser increases linearly with the current. Modulation of the laser current
allows the experimenter to scan across the absorption feature multiple times during an
experiment. Typically the scanning interval is set to between lms and 0.1ms. Faster scan rates
imply more numerous sampling of the freestream condition, however the laser emission begins
to smear and line shape analysis will not yield the translational temperature. This is a crucial
issue because measurement of concentration is strongly tied to the temperature of the probed
molecule.

Summary of Results

The tunable diode laser spectroscopy instrument that has been built and installed at the
CUBRC hypersonic facilities has been recently modified to give freestream velocity information
via the doppler shift technique. The QCL based TDLAS laser spectrometer is shown in
Figure 27. The laser diode was modified to split the source beam into two paths allowing a
crossed beam measurement of the absorption feature upstream and downstream relative to the
flow velocity. Thus, besides yielding the concentration and temperature of the nitric oxide
contained in the freestream by absorption line shape analysis, the wavelength shift of the two
crossed beams yields the velocity. Eighteen experiments were performed in the LENS I tunnel
for various high enthalpy conditions for freestream velocities between 2,800 m/s and 4,600 m/s.
The peak shift was observed to vary from 100 MHz to 171 MHz where the peak spacing for the
nitric oxide feature is 308 MHz. The peak location was obtained by fitting the doublet Doppler
limited line shape to obtain the absorption feature center location. This location shift was
compared between the upstream and downstream measurements as shown in Figure 28. Note
that the peak separation between the upstream and down stream absorption feature is 308 MHz.
The peak shift was measured to be 170 MHz which corresponds to a velocity of 4,800 m/s. In
addition to velocity the translational temperature and concentration of the Nitric Oxide in the
freestream was obtained from a line shape analysis of the doublet absorption feature. This is
presented for run 266 as shown in Figure 29. Note the close correspondence between the data
and the theoretical Voigt line shape for NO at 3.5 percent by mole-fraction for a freestream
temperature of 270'K. Note the width of the double-peaked NO absorption structure. The width
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of this feature is strongly dependant on the square root of the velocity according to the Doppler
line shape contribution which is dominant at the freestream pressure of the flow. At the CFD
computed freestream temperature for this flow, the width of the doublet would be required to be
at least 20% larger than the measured width, which is clearly not supported by the measured
value.

In addition to the NO absorption/velocity measurement, two H.2.0 transitions at 1,392 nm
were measured during run 266. Analysis of the H.20 line shape yields almost the same value for
the freestream temperature, 280'K as shown in Figure 30. As with the NO measurements the
two lines provide a local linear wavelength calibration for the measurement. Line by line
calculations based on the HITRAN 2004 data base are used to compute the H.20 line shape. As
with the NO measurement a Voigt line shape is used. However, just as with the NO
measurement the Doppler line shape is dominant at the flow freestream pressure. Therefore, the
line shape is strongly dependent on the temperature. Line by line calculations as a function of
temperature result in a temperature uncertainty for the best fit to the measured data of about
10K.

The measurements reported here clearly establish the translational temperature of the gas in
the freestream. Future measurements will be performed with species that have a pair of
transitions, each transition with a sufficiently different lower state energy so that the ratio of the
integrated line shape will yield the rotational temperature of the target molecules in the
freestream. Also differing vibrational transitions will be probed to obtain the vibrational
temperature of the target molecules in the freestream.

The studies presented here are also reported in AIAA Paper 2006-0926.
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Figure 24 Flat Plate Probe Structure for the NO Freestream Velocity Measurement
Installed in the LENS I Tunnel
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Preliminary Studies to Calibrate and Validate the LENS X Expansion Tunnel

The recently constructed LENS X facility, which is a large expansion tunnel, was developed
principally to generate flows with little or no freestream dissociation at velocities between
8 kft/sec to 15 kft/sec. The tunnel also has the potential to provide testing at velocities over
7 km/sec and produce effective reservoir pressure conditions of well over 100,000 psi. The
addition of this new facility also provides us with the capabilities to conduct "free jet" scramjet
engine tests up to Mach 15. The viability of expansion tunnels to generate high-quality flows for
large-scale hypervelocity testing has been the subject of significant debate since its conception
because of questions associated with dynamic instabilities that can arise at the interfaces and
shock fronts between the gases in the driver, driven, expansion and nozzle sections of the tunnel
as well as the viscous interaction phenomena associated with thick boundary layers generated on
the walls of the expansion section of the tunnel (see Ref. 4). In theory, these effects should be
less deleterious in a large facility like LENS X; however, the major concerns expressed over the
years on the performance of the expansion tunnel led us to install a significant amount of surface
and flowfield instrumentation throughout the new tunnel similar to that employed in LENS I.

The LENS X is assembled with major components from the LENS II facility together with
new diaphragm stations and tube components. This tunnel shares compressors, vacuum pumps,
and the data system with the other LENS tunnels. A schematic diagram of the LENS facility is
shown together with a schematic of the LENS X facility in Figure 31. The LENS X facility is
over 200 ft long and is joined to the test section through a modified LENS II nozzle. The tunnel
has an electrically heated driver section in which hydrogen, helium, and nitrogen can be
employed as driver gases. The flow is initiated through the tunnel using a double diaphragm
valve which connects the driver and driven section of the tunnel. The gases in the driven and
expansion sections of the tunnel are separated by a single thin plastic diaphragm. A diaphragm
can also be installed to isolate the gases in the expansion tube from those in the test section,
however in the present studies, we ran with these two components connected at the same low
pressure. A wave diagram illustrating the operation of the LENS X facility is shown in Figure 32
together with a pitot pressure trace taken from probes positioned at the end of the expansion
tube. For the 15 kft/sec conditions, we obtained test times of close to 2 msec in Region 5 at the
end of the expansion tube. A wave diagram for this condition generated using the method of
characteristics employed in the Kasimir code is shown in Figure 33. Shown in Figure 34 is the
prediction of the static pressure on the wall at the end of expansion tube obtained from the
Kasimir code. The actual measurement of static pressure on the tunnel wall for these conditions
is shown in Figure 35a and is in close agreement with the inviscid flow prediction in Figure 35b.
Measurements made with a pitot pressure rake positioned at the end of the expansion tube are
shown in Figure 36a and compared with the predicted values in Figure 36b (Ref. 9).

The remarkably good agreement between inviscid flow predictions and the measured wall
and pitot pressures in LENS X suggest that the tunnel performs extremely well and the
instabilities that could occur at the interfaces do not significantly degrade tunnel performance.
Flowfield surveys using pitot pressure, total heat transfer and static pressure probes were
obtained at the exit plane of the nozzle for the two major test conditions selected for the double
cone studies. We also obtained interferograms of the flow over hemispheres and cylinders for
comparison with numerical computation. Figure 37 shows an interferogram obtained in air and a
numerical simulation of this flow obtained by Candler (Ref. 9) can be seen to be in close
agreement. The results discussed here were discussed in AIAA Paper 2005-4694.

A06-U-006 28



Driver Tube
With Heater Driven Tube CnotRm

Contro RoomGravity Valve
LEG I Nozzles

optical System

-'z-~;~. ~)~--- ~Bareast Tank

Driver Tebe
Driven Tube > '~-

Ccompressor

(30 CO PS) LEG 11 Optical System it
Test Sections

_______________ -:~i V -t

LENS X

Figure 31 Layout of LENS 1, 11 and X Supersonic and Hypersonic Facilities

Primar Secondar

1jr51tad (5 ¶2ms Test lime for 10 MJ/kg

ePP~

14) (1). . . . . . . . .

Distance

Figure 32 Wave Diagram of the Operation of the LENS X Expansion Tunnel

A06-U-006 29



Figure 33 Method of Characteristic Calculations using Kasimir Code to Evaluate
Test Time and Test Conditions in LENS X

Kasimir Freestream Pressure Predicbpon6

Figure 34 Freestream Static Pressure Prediction from the Kasimir Code

A06-U-006 30



2 . .. ... . . .. .. . .. . .. .. ... . .. .. . .. ... ... . .. .. . .. .. .. .. . . .. .. . ... .. .. .. .. .. ... . .. .. . .. .

26 ..................... *.......... ...... ....... ............... I... ....

.2.................I....

22. . . .. .. .. .. . ... . .. .. ... .. .. .. .. . .. .. .. .. . .. .. .. .. . .. .. ... .. .. . .. .. .. . .. . . .. ...

2 .. .. .. . . .. .. .. .. . . .. ..... .. .. .. . .. .. ... .. . .. .. . . .. .. . ... . .. . .. .. . .. .. ...:. . .. . .. .

is . .. .. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. . . .. .. ... . .. .. .. .. .. .. . . . .. .. .. . .. .. .

.. .. ... . .. . - -- -- - .. . .. ... . .. .. . .. .. . .. .. .. .. .. ..

01. ... . .. .. .. .. .. ... .. .. .. ... .. .. .. . .. . .. .. . .. .. .. .. .. . .. . .. .

........... . .......

DA ............................. ......... .....2..22....24

.. ... ... .... .. . .. ... . .. . . . ... . .. . . . .. . .. . ... .. . .. . .. .. .. . .. . .. . .. . .. . .. .. ... .... .

Figure ~ ~ ~ ------ 3.....a).. LES..SaicPrssr.MasreetsatEn.f.xpnso.Scto

Figre 5() Comp Saretith Preditinu rorte Measuime ir CoEde ifEpnin Fiu ect34

30.0

25.0
2D CFD 1

~. 20.0 Experiment)

15.0

CI-

~10.0

.0 * 0 1.0 2.0 3.0 4.0 5.0 16.0 17:0 8 .0 9.0 10.0
Time, msec

Figure 35(b) LENS X Static Pressure Measurements at End of Expansion Section
Compared with Navier-Stokes Predictions (Ref. 9)

A06-U-006 31



........ . ............ ... .... ...... . ------- ... ..... . .. .. .. ...... . .. ....

36 . ...... .... ........... .. .. .... ........... ....... ..... .......... .. . . . ..

23 ... .... .... ...... I..........1.... ........ . ....... ...... ... .... .. . ...... ..

3 ...... .. ..... .. .......... ............. .. ..... ..............

20 ..... .. .. .. ... . .... .. .. ... .... ------- ....... . ...... . .... .. .. .... ......

2 . . ... . .. . .. .. . .. . .. .

........ .................... .......

21 ....... ......... ......... 2........ ... ... 2... 2....4........I........ ....... ---

Fiur ...(a) LENS.... X.P.tot.Pressure M e suem n at..... End............... of....... Expansion--- Section.....

4 0 0 ...............0...... ........ ................ ................ ................

3 5 0 .0........ .. ............... ................ ............... ................

3 0 0 .0........ ...................... ................ 4...... ......... ................

50.03(a ESX io rssr esueeta Endo ExpaensinSeto

1.40030 4...060 70 . .0 1.

T3me0.0e

A06-U-0 20032



Interferogram
from LENS X

Candler's Numerical
Simulation
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MEASUREMENTS IN LOW DENSITY FLOWS ON THE HOLLOW CYLINDER/
FLARE AND DOUBLE CONE CONFIGURATION AND COMPARISONS WITH

IMPROVED NAVIER-STOKES AND DSMC PREDICTION METHODS

Introduction

During the course of this program, measurements were conducted with the hollow
cylinder/flare and double cone models in the LENS I and 48-inch tunnels, together with new
computations using recently improved DSMC techniques and the Navier-Stokes methods. In
these studies we employed the hollow cylinder/flare configuration shown in Figure 38 which was
extensively instrumented with thin-film platinum heat transfer gages and contains new flush
mounted pressure instrumentation specifically designed to accurately measure low pressures on
the cylinder in low density flows. The double cone model shown in Figure 39 contains high-
frequency piezoelectric pressure gages and platinum thin film heat transfer gages. Back-to-back
measurements were made with both the hollow cylinder/flare and double cone model in the
LENS I and 48-inch tunnels to compare and validate the measurements in the two different
facilities, in a number of cases with two different instrumentation sets. As part of the tunnel and
instrumentation validation program, we also compared the measurements obtained on the afore-
mentioned double cone configuration with those obtained on a second double cone model
containing thermocouple heat transfer gages which was fabricated specifically for the real gas
studies.

Studies with the Hollow Cylinder/Flare Configuration

The most recent studies with the hollow cylinder/flare configuration were conducted in the
lower density flow regime for the specific purpose of evaluating the new numerical procedures
employed in the contemporary DSMC prediction methods, and the formulations that account for
surface slip in the Navier-Stokes computations. As discussed above, measurements were made in
both the LENS I facility and the 48-inch shock tunnel specifically to evaluate the accuracy of the
combined facility instrumentation, data reduction procedures, and flow conditions.

Shown in Figure 40 are comparisons between the pressure and heat transfer measurements
over the hollow cylinder/flare configuration made in the 48-inch shock tunnel and the LENS I
facility. These sets of measurements are in good agreement both on the cylinder and flare
portions of the model and demonstrate that combined facility/instrumentation accuracy is better
than 5 percent. The calculations obtained by Candler (Ref. 10) for the test case shown in
Figure 41 do not appear to be significantly influenced by surface slip, although including surface
slip appears to decrease the length of the interaction region and lower the heat transfer rate
slightly below the values measured in experiments. The DSMC calculations by Markelov
(Ref. II) shown in Figure 42 are in good agreement with the pressure data both on the hollow
cylinder and on the flare but also slightly underpredict the length of the interaction region and the
heating on the flare. In Figure 43 we show calculations by Boyd (Ref. 12), which were updated
values of those communicated to us earlier. The new calculations are in better agreement with
both the pressure and heat transfer measurements, basically mirroring those obtained by
Markelov, although the computations do not extend to the full length of the flare. It is noted that
this flow remains attached and the past DSMC technique did not compare as well with well-
separated flows over this configuration. Thus further calculations using the DSMC method with
improved numerics should be pursued to calculate higher density well separated flows over the
hollow cylinder/flare model.
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Studies with the Double Cone Configuration

Measurements were made with both the original 250/550 double cone model and a new
250/55' double cone model equipped with more robust pressure and heat transfer instrumentation
designed for use in the LENS I and LENS X facilities in high enthalpy flows. Under high
enthalpy conditions, thin film heat transfer instrumentation can be damaged in the LENS X
facility. Comparisons between the measurements in the LENS I and 48-inch tunnel are shown in
Figure 44 at similar test conditions. There is generally good agreement between the two sets of
measurements, with a small difference in the reattachment compression region resulting possibly
from small differences in the test conditions at which the individual studies were conducted.

At the lower density nitrogen flow conditions selected for these comparisons, Candler's
Navier-Stokes solutions incorporating surface slip accurately predict the pressure and heat
transfer distribution throughout the interaction region as shown in Figure 45. However, although
incorporating slip effects improves agreement with heat transfer rate on the first cone, they lower
the predictions to below the measured values on the flare. The calculations by Moss shown in
Figure 46 using the newly improved Bird prediction methodology not only are capable of
efficiently calculating the flow over the double cone configuration, they are in excellent agree-
ment with the experimental data for this well-separated flow induced by complex regions of
shock/boundary layer and shock/shock interaction. Moss' calculations (Ref. 13) are all the more
impressive because they did not require extensive use of large scale parallel computing
capabilities. A similar set of calculations for the double cone configuration obtained by
Markelov, shown in Figure 47, are also in good agreement with the measurements, although this
set of calculations slightly underpredict the heat transfer rate both upstream and downstream of
the interaction region. Both sets of DSMC calculations and the Navier-Stokes solutions
accurately predict the length of the separated and shock/shock interaction region. This good
agreement again suggests that the focus in our code validation activities should be turned to more
complex flows involving first real gas chemistry and later turbulent flows.

The results are also presented in AIAA Paper 2004-0917
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Figure 38 Hollow Cylinder/Flare Model Used in Studies

---------------------

Figure 39 Double Cone Configuration Used in Studies in 48-Inch Shock Tunnel
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STUDIES OF REAL GAS EFFECTS IN HIGH ENTHALPY FLOWS FOR FACILITY
AND CODE VALIDATION

Introduction

Following the extensive series of flow calibration studies in the LENS facilities (see
Figure 48) discussed in the previous section, we embarked on a series of studies first with simple
nose shapes, a cylinder, hemisphere, blunt ended cylinder and a spherically blunted 700 cone to
provide measurements of the shock shape and the distributions of heat transfer and pressure to
compare with Navier-Stokes calculations. These studies were conducted in nitrogen, air and CO.2.
in both high and low enthalpy flows to examine real gas effects and shock shape and shock
standoff distance as well as providing information with which to begin the examination of
surface catalysis on the distribution of heating around the nose shape. The selection of CO.2. as a
test gas was done on the basis of both interest in planetary entry as well as the more complex real
gas chemistry which could provide important information on the validity of the models of
vibrational dissociation and coupling and the transitions between electronic states excited in the
high enthalpy flows. The wind tunnel calibrations with CO.2.demonstrated good flow uniformity
at the exit plane of the nozzle on par with that of both nitrogen and air flows. The double cone
configuration and then the shuttle configuration were used in the major part of this program to
explore real gas effects on regions of shock wave/boundary layer interaction both in air and
nitrogen flows. The studies with the shuttle configuration were devised to provide the first
definitive experimental measurements to attempt to explain the so-called trim anomaly where the
flap measurements of the pitching moment of the shuttle differed significantly from those
predicted on the basis of ground test data.

Real Gas Effects in Hypervelocity N.2, Air and CO.2 Flows on Simple Nose Shapes

To systematically evaluate real gas effects, we have performed a series of studies in air,
nitrogen and CO.2. on blunt nosetip configurations in parallel with measurements using laser
diode techniques to evaluate the properties, in particular the levels of NO, in the freestream. Both
these studies are supported with calculations with the DPLR code (Ref. 14). The studies in air
were conducted at 5 MJ/kg and 10 MJikg with a cylindrical model equipped with high-frequency
pressure and heat transfer instrumentation and with high speed Schlieren to visualize the
characteristics of the shock layer. Figure 49 shows calculations for real and perfect gas boundary
conditions demonstrating the significant real gas effects on the standoff distance and its variation
with flow total enthalpy. These calculations were validated by measurements in the LENS I
facility of the shock standoff distance ahead of a cylinder for total enthalpy levels of 5 MJ/kg and
10 MJ/kg as shown in Figure 50. Also in Figure 50 we show comparisons between predictions
and measurements of pressure around the cylinder at the two enthalpies and the prediction of
heating levels for non- and fully catalytic surface recombination for the wall boundary condition.
It is clear that while the pressure is accurately predicted for these two enthalpy levels, the heating
levels to the catalytic model surface at the higher enthalpy is not well predicted, which again
suggests problems with describing and predicting the flow chemistry for high enthalpy air flows.

During this segment of the program, measurements were made in air and nitrogen at a range
of freestream enthalpies from 2 to 14 MJ/kg over a series of blunt nose tip configurations
including the 2D cylinder, a hemisphere, a flat-ended cylinder, and a 70' cone shape typical of a
planetary probe configuration. Comparisons between predicted and measured shock shape over
these blunt configurations in a low enthalpy (2 MJ/kg) CO 2 flow are shown in Figure 51. At
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these low enthalpies, we obtain good agreement between measured and predicted shock shape.
However, at higher enthalpy conditions (3, 5 and 10 MJ/kg), we increasingly see a discrepancy
between measured and predicted shock shapes. A major objective of the CO.2. studies has also
been to measure levels of heating as the enhancement in heating associated with the catalytic
heating at the wall. These studies have been conducted in the AFOSR program in conjunction
with transition studies for NASA (Ref. 15) employing an MSL configuration. Measurements of
the heat transfer and pressure distribution over 1-ft and 2-fl diameter models of the MSL have
been made with high frequency pressure gages and three different types of heat transfer
instrumentation to evaluate the relative effects of stainless steel, platinum and silver on catalytic
heating. The experimental studies have been accompanied by detailed computations of the flow
in the facility and over the models using the DPLR Code as described by MacLean (Ref. 16).
The heat transfer measurements made from the various gages in these studies were in excellent
agreement and we have consistently observed that these measurements are in best agreement
with theoretical predictions when a supercatalytic boundary is employed in the numerical
calculation. Although as shown in Figure 52 and observed in our earlier studies with air,
agreement between theory and measurement is closer at the lower enthalpy conditions.

The results of this study are also presented in AIAA Paper 2005-4693 and AIAA Paper 2006-
0182.
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LENS X
Velocity Range (ftlsec) Velocity Range (ftlsec)
3,000 - 15,000 14,000- 22,000
Altitude (kft) Altitude (kft)

25-300 120-250
Mach Numbers Mach Numbers

8.0- 18.0 14.0-22.0
Reynolds Numbers (lift) Reynolds Numbers (l/ft)

1.0E4 -1.0E8 1.OE3 - 1.OE6
Test Time (ms) Test Time (ms)

up to 25 up to 4
Nozzles Nozzles

Mach 8 - 10 (48" Exit) Mach 14- 22 (60" Exit)
Mach 10 - 18 (48" Exit)

Figure 48 The LENS Hypervelocity Facility Employed in Studies of Real Gas Effects

10 MI/kg High Enthalpy Cylinder Density Ratio

Real Ges

Perfect Ge5 a

(a) Prediction of Shock Layer (b) Variation of Shock Position with Flow Enthalpy
Characteristics for Perfect
and Real Gas Flows over
Cylinder

Figure 49 Real Gas Effects on Shock Standoff and Shock Layer Characteristics
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(a) 2D Cylinder (b) Hemisphere

S '• (d) 70* Sphere Cone
(c) Flat-Ended Cylinder

Figure 51 Comparison between Prediction and Measurement of Shock Shapes
over Blunt Bodies in CO 2 for 2 MJ/kg Flow Conditions

FLOW

(2 ft diameter MSL model)

6

.2 0 2

Figure 52 Measurements of Catalytic Wall Heating on Planetary Probe
Configuration
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MEASUREMENTS OF REAL GAS EFFECTS ON THE DOUBLE CONE
CONFIGURATION IN THE LENS I SHOCK TUNNEL AND LENS X EXPANSION

TUNNEL

Introduction

The double cone configuration was selected for studies of combined viscous/inviscid inter-
action and real gas effects specifically because earlier calculations by Candler had suggested that
the size and characteristics of the separated and shock/shock interaction regions would be
sensitive to real gas effects. The test conditions selected for these studies were chosen to obtain
the highest possible density to maximize nonequilibrium effects over the model, while
generating Reynolds numbers at which the boundary layer would remain laminar on the second
flare downstream of the interaction region. We also selected the Reynolds number for the test
case to achieve a well-defined separated region with well-defined attached flows both upstream
and downstream of the interaction region.

Studies of Real Gas Effects on Regions of Separated Flow and Shock/Shock Interaction
on the Double Cone Configuration in LENS I

These experimental studies were conducted in the LENS I facility in nitrogen and air flows at
velocities of 10 kft/s and 14 kft/s at the same unit Reynolds number of 1 x 105Ift. Figure 53
shows a Schlieren photograph of the flow and distributions of heat transfer and pressure obtained
in nitrogen flow over the model at a freestream velocity of 10 kft/s. This set of measurements
adequately defines the length of the separated region and the peak heating and pressure in the
reattachment/ shock interaction process occurring on the second cone. Also the pressure on the
second cone returns to a level close to a Newtonian value producing a well-defined downstream
boundary condition. Similar measurements in air at close to the same velocity and Reynolds
number are shown in Figure 54. We obtained well-defined regions upstream and downstream of
the separated region, and the distribution in the peak pressure and heating distribution on the
second cone are well defined by the measurements. Comparing the measurements made in air
and nitrogen in Figure 55, we see that both the nondimensionalized heat transfer and pressure
distributions are almost identical, indicating insignificant real gas effects on the length of the
interaction region and the peak heating. In the air freestream generated at this condition, the mole
fraction of the NO concentration is approximately 5 percent, and clearly this does not
significantly influence the characteristics of the interaction region.

At this juncture in the program we chose not to pursue an examination of nosetip bluntness
and unit Reynolds number effects at the lower velocity condition to place the major emphasis on
the examination of real gas effects at the higher velocity condition. Again, measurements were
made with air and nitrogen, for Reynolds numbers low enough to maintain a laminar boundary
layer on the second cone. Figure 56 shows the distribution of heat transfer and pressure and a
Schlieren photograph of the flow with nitrogen as a test gas. The measurements indicate well-
defined regions of attached flow upstream and downstream of the well-separated interaction
region and sufficient measurements in the pressure and peak heating region to accurately define
the distributions. A similar set of measurements for the air flow are shown in Figure 57. Again,
the flow is well defined; however in this case the lengths of the separated region and the
reattachment compression region are slightly shorter. The decrease in the length of the inter-
action region is shown more definitively in Figure 58 where the two sets of pressure
measurements are plotted together.
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To validate that boundary layer transition did not influence these results, we repeated the
measurements at a higher Reynolds number to examine the variation in the heating levels down-
stream of the reattachment region with unit Reynolds number. As shown in Figures 59 and 60,
we do not see a significant change in the Stanton number downstream of the interaction. Plotting
the Stanton numbers from the measurements at the two Reynolds numbers in Figure 61, it can be
seen that the Stanton number downstream of reattachment decreases with increasing Reynolds
number as would be predicted for fully laminar flow. Therefore, it is concluded that the viscous
flow remains laminar in the interaction regions developed over the models in all the experiments.

It is concluded from this set of experiments that real gas effects can decrease the length of the
separated region and significantly change the structure of the reattachment/shock/shock region
over the double cone. It remains to be determined whether the levels of freestream non-
equilibrium can influence this result. For this reason, experiments were initiated in the LENS X
facility where it is possible to generate freestreams of equal velocity in the absence of significant
oxygen dissociation.

The results of this section are also presented in AIAA Paper 2006-0125.
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Figure 53 Schlieren Photograph and Measurement of Heat Transfer and Pressure
for a 10 kft/s Nitrogen Flow
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Figure 55 Comparisons between Measurements in Nitrogen and Air Flow at
10 kft/s
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Figure 56 Schlieren Photograph and Measurement of Heat Transfer and Pressure
for a 14 kft/s Nitrogen Flow
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Figure 57 Schlieren Photograph and Measurement of Heat Transfer and Pressure
for a 14 kft/s Air Flow
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Figure 59 Schlieren Photograph and Measurement of Heat Transfer and Pressure
for a 14 kft/s Nitrogen Flow at Higher Reynolds Number
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Figure 60 Schlieren Photograph and Measurement of Heat Transfer and Pressure
for a 14 kft/s Air Flow at Higher Reynolds Number
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Figure 61 Correlations of Heat Transfer Measurements Obtained at Two Reynolds
Number Conditions in Air Flow at 14 kft/s
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MEASUREMENTS IN THE LENS X FACILITY ON DOUBLE CONE MODEL

Introduction

In the second phase of the experimental program to examine real gas effects over the double
cone, preliminary studies were conducted during the development of the LENS X facility. A new
double cone model was constructed for this phase of the program which contained more robust
pressure and heat transfer instrumentation to withstand the potential damage from Mylar and
metallic particles which occur in expansion tunnels. The model employed in this study is shown
in Figure 62 and contains more robust coaxial heat transfer instrumentation. The location of the
heat transfer and pressure instrumentation of this model is shown in Figure 63. As discussed
earlier, the basic tunnel was highly instrumented to evaluate its performance during these studies;
the survey rakes which were placed at the exit plane of the expansion tube were removed and the
instrumentation used in a small rake placed above the model in the test section. Survey rake
measurements indicated a test core of approximately 24 inches.

Measurements on the Double Cone Configuration in LENS X

The test conditions selected for these studies closely replicated those from earlier studies in
the LENS I tunnel at velocities of 10 kft/s and 14 kft/s. A Schlieren photograph of the flow
obtained in the LENS X facility is shown in Figure 64; we see flow patterns similar to those
shown in Figure 56 obtained in LENS I. The heat transfer and pressure distributions obtained on
the model in nitrogen at the higher velocity are shown in Figure 65. These distributions again
closely replicate those obtained earlier in the LENS I facility where the separated region extends
to within two inches of the sharp nosetip and the peak pressure and heat transfer region is
approximately 4.5 inches from the leading edge. We plan to continue these studies during further
development work in the LENS X facility. Numerical computations are being conducted to
compare with the measurements in LENS X.

The results of this study are also presented in AIAA Paper 2004-0916.
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Figure 62 Double Cone Model used in LENS X Program

Figure 63 Location of Heat Transfer and Pressure Instrumentation on Double

Cone Model for LENS X Studies
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Figure 64 Schlieren Photograph Obtained in LENS X Studies and Comparison with
Navier-Stokes Flowfield Predictions
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Figure 65 Heat Transfer and Pressure Measurements obtained in Nitrogen Flow
at 14 kft/s
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NAVIER-STOKES PREDICTIONS OF REAL GAS EFFECTS AND COMPARISON
WITH EXPERIMENTS

Predictions with Navier-Stokes codes for comparison with the measurements for nitrogen
and air flows over the double cone configuration have been made at the University of Minnesota
by Graham Candler (Ref. 17) and at NASA Langley by Peter Gnoffo (Ref. 18). The freestream
conditions were derived from tunnel measurements and numerical simulations.

Comparison between Candler's computations and measurements in the nitrogen flow over
the double cone configuration are shown in Figure 66. The computations are in excellent
agreement with experiment. Gnoffo's (Ref. 10) calculations for the same model configuration
and freestream conditions are shown in Figure 67. These calculations slightly underpredict the
size of the separated region, although pressure and heat transfer are in good agreement both
upstream and downstream of the interaction region. Although peak pressure and heating levels
are similar to those measured, this region occurs upstream of the measured values.

Comparison between measurements in air and Candler's calculations are shown in Figure 68.
Although Candler's calculations are in close agreement with the heat transfer and pressure
upstream and downstream of the interaction region, they underpredict the length of the separated
region and significantly underpredict the peak heating in the reattachment/shock/shock
interaction region. Gnoffo's predictions for air flow over the double cone shown in Figure 69.
Again, they are in good agreement both upstream and downstream of the interaction region,
however they also poorly predict the length of the separated region and the heating levels in the
reattachment/shock/shock interaction region. It is clear that the structure of the recompression
process is markedly different between experiment and the two sets of predictions and thus it is
not surprising that the length of the separated region is poorly predicted. These results suggest
that future experimental and numerical studies should focus on investigating the difference in
flow structure in the recompression region which results from real gas effects.

The results of this study are also presented in AIAA Paper 2003-3641.

A06-U-006 56



Compaisonn (Run 42 -.9 MJfkg - N2)

............ ... ............

........................... ... .. -

Distance iinches)

Figure 66 Comparison between Heat Transfer and Pressure Measurements in
Nitrogen at 14 kft/s and Navier-Stokes Calculations by Candler
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Figure 67 Comparison between Heat Transfer and Pressure Measurements in
Nitrogen at 14 kft/s and DSMC Calculations by Gnoffo
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Figure 68 Comparison between Heat Transfer and Pressure Measurements in Air
at 14 kftfs and Navier-Stokes Calculations by Candler
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Figure 69 Comparison between Heat Transfer and Pressure Measurements in Air
at 14 kft/s and DSMC Calculations by Gnoffo
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PRELIMINARY RESULTS OF STUDIES OF REAL GAS EFFECTS ON REGIONS OF
VISCOUS/INVISCID INTERACTION ON A NASA SPACE SHUTTLE

CONFIGURATION

Introduction

As discussed in the introduction of this report, real gas effects have been shown in flight to
play a significant role in controlling the stability and aerothermal loads of vehicles traveling at
velocities of 12,000 ft/s and above. As also demonstrated on the double cone configuration, real
gas effects can influence the size and properties of regions of viscous interaction in both
separated and unseparated interaction regions. Although there have been a number of numerical
computations and indirect experimental investigations, there have not been definitive coupled
experimental and theoretical studies that have completely explained the differences between the
pitching moments measured in ideal gas facilities and the measurements obtained in flight on the
space shuttle. Our experimental program to investigate the "pitching moment anomaly" builds on
the experimental and theoretical studies of the flow over the double cone configuration where
regions of shock wave/boundary layer interaction similar to those over the shuttle flap were
developed at the cone/cone junction. As in the earlier studies, the shuttle experiments were
designed to obtain measurements in air and nitrogen over a range of freestream enthalpies
spanning the regime from perfect gas to a flow with significant oxygen dissociation in stagnation
regions and regions of separated flow at the flap/body junction. At the beginning of these studies
the measurements were made over a range of Reynolds numbers to determine the Reynolds
numbers below which the flow remained fully laminar over the flap. Measurements were also
made for several flap angles, again seeking conditions where the flow remained fully laminar so
that the influence of real gas effects could be assessed in a laminar flow where solutions for the
Navier-Stokes equations could reasonably be expected to be accurate.

Models, Instrumentation and Test Conditions Employed in the Experimental Studies

We employed a 1.8% scale model of the space shuttle which was constructed by CUBRC to
investigate the application of temperature-sensitive paint and Macor inserts to accurately
measure the local and spatial heating rates around the leading edge of the shuttle. This model
shown in Figure 70a and b was constructed from aluminum. For this study, we added stainless
steel inserts along the centerline of the shuttle and on an outer ray where we believed real gas
effects could significantly influence the static pressure in regions of positive pressure gradient.
Because of the harsh environment at which these studies were conducted, we mainly employed
coaxial thermocouple gages to measure heat transfer rate, although as illustrated in Figure 70c, a
number of thin film gages were installed principally to provide a secondary calibration and check
on the accuracy of the thermocouple gages. We employed both piezoelectric (PCB) and
piezoresistive (Endevco) high frequency pressure transducers in the model as also shown in
Figure 70c.

The experimental studies were conducted in the LENS I tunnel equipped with the D nozzle to
generate flows with velocities from 3,000 to 16,000 ft/s. The tests were conducted with the
model at incidence angles of 40' and 500 with flap angles of 130 and 17'. The unit Reynolds
numbers at which the tests were conducted varied from 4.5E 4/ft to 0.2E./ft.

Results and Discussions

The complete analysis of the experimental results and comparisons with numerical prediction
methods remains to be completed. However, here we will summarize the major results obtained
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in this study; a complete reporting including numerical comparisons will be presented at the
forthcoming annual AIAA meeting.

As discussed earlier, the initial studies with the shuttle configuration were designed to select
Reynolds number conditions at which the flow remained fully laminar over the flap. These
studies were conducted over a range of freestream enthalpies to investigate the effects of real gas
chemistry on transition as well as to ensure that test cases involving fully laminar flows could be
selected. A typical set of heat transfer measurements along the centerline of the shuttle model for
a range of unit Reynolds numbers of the freestream are shown in Figure 71. This data is plotted
in nondimensional form to illustrate the deviation of flap heating from the laminar level when
transition occurs at the larger Reynolds number. These measurements illustrate that transition in
the separated region over the flap occurs at extremely low Reynolds numbers and when it occurs,
the heating levels increase significantly from the laminar level. A second set of measurements at
a higher enthalpy illustrates as discussed above that transition was observed to occur over the
flap at lower Reynolds numbers in the high enthalpy flows. This latter conclusion is of
significant importance in using measurements obtained in cold facilities to predict the
aerothermal characteristics associated with flight. The measurements shown in Figure 72 made
in high enthalpy flows in the separated region at the body/flap junction illustrate how the heat
transfer increases significantly over the flap and the separated region shortened when transition
occurs in the separated shear layer. Also as shown in Figure 72b, the high pressure region on the
flap is extended when transition occurs making the flap more effective. As illustrated in the heat
transfer results the flow of nondimensional heat transfer to the flap does not differ significantly
at Reynolds numbers of 6x W. and 4.5 x 104 indicating that the flow remains fully laminar
under these conditions. We followed the studies of Reynolds number effects with sets of
measurements in air and nitrogen to investigate real gas effects.

Shown in Figure 73 are heat transfer measurements close to the body/flap junction obtained
in high enthalpy flow in air and nitrogen for the two Reynolds numbers where the flow remains
fully laminar over the flap. Here we observe that the separated region decreases in length when
high temperature nonequilibrium air is employed in the test flow rather than nitrogen.

We then made measurements in air for a range of total enthalpies at a single Reynolds
number of 6 x 104.. As illustrated in Figure 74, we observed that the separated region decreased
in size as the freestream enthalpy was increased from 3 MJ/kg where real gas effects are small to
9.5 MJ/kg where significant oxygen dissociation occurs in the separated recirculation region.
These results are consistent with the findings from the studies with the double cone configuration
and suggest that real gas effects would increase flap effectiveness and increase pitching moment.

The sets of measurements obtained with the outer ray of instrumentation do support the
contention that real gas effects contribute to a lowering of the pressure in the expansion region
thereby lowering the pitching moment; and since there is an extensive area over which this effect
occurs, it is this effect that contributes to the pitching moment anomaly observed in flight.
Examples of the measurements along the outer ray are shown in Figure 75 illustrating decreased
levels with increasing enthalpy of real gas effects. Again, switching from nitrogen to air has a
similar effect.

During the remainder of the year we expect to perform detailed numerical computations to
compare with this data set and that obtained on the double cone configuration. These data sets
will be provided to support a code validation activity organized in conjunction with AFOSR.
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Figure 70 Model and Instrumentation for Real Gas Studies over Shuttle

Configuration in LENS Tunnels
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Reynolds Number Sweep at 10 MlJlkg In Air
Turbulent versus Laminar Flap Downstream of Reattachment
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Figure 71 Centerline Heat Transfer Reynolds Number Sweep Illustrating
Laminar and Turbulent Heating Downstream of Reattachment

Reynolds Number Sweep at 10 MJ/kg In Air

Turbulent versus Laminar Flap Downstream of Reattschment4 ......... ...... ............................................................................-

:35 --- Run 10 10 2 i o, Air AOA=40 5 z 13 Re= 5 = 0 2. 1

-uw- Run 109 Il. kn Air AOA:,0 B5F13 Re= fl: 0 06Ee.

-"--Runi ! i,i.c•koAir.AoA=y.0 Si=13 Re= ft 0 0o 5 E6

25A

/ A

OAA

05 ... ./ . . . .

I • ':~4 . . .. ".i--- A .. ...

2F 25 26 2. 27 27 28 225 29

Distance froom Nose (inches)

Figure 72a Flap/Body ]unction Heat Transfer Reynolds Number Sweep
Illustrating Laminar and Turbulent Heating Downstream of
Reattachment

A06-U-006 62



Reynolds Number Sweep at 10 MJ/kg In Air
Turbulent versus Laminar Flap Downstream of Reattachment
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Figure 72b Flap/Body 3unction Pressure Reynolds Number Sweep Illustrating
Laminar and Turbulent Heating Downstream of Reattachment

Air and Nitrogen at 10 MJIkg
Body and Flap Juction Region

2

-i- R'tm1C (9 .MJ kgA,r AoA,.2O 5;=13 Re-t z 006 O ,

" A m 3u 7.k(97M H2 AoA=-O 6:=11 RPet f 0 . .. ..,

1-• -- ORun 11[8f•lorkoAr AoA=-* SP=13 Re=1 =OI0-,

h ,Ru 12 95!.l1Jk,112 AOA=-'O 5€:13 Pe-•:0045E6),

AA.

12

08 j

/-
0 C.

02 &___ •

2` 255 2C 265 27 27 5 28 26 05 29

Distance from Nose (inches)

Figure 73 Flap/Body 3unction Heat Transfer in High Enthalpy Air and Nitrogen
Flows
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Enthalpy Sweep at Constant Reynolds Number In Air
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Figure 74 Flap/Body Junction Heat Transfer over Range of Enthalpies in Air at
Constant Reynolds Number
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Figure 75 Pressure Measurements made on Orbiter Wing Acreage over a Range
of Enthalpies in Air at Constant Reynolds Number
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CONCLUSIONS

Experimental studies coupled with numerical simulations were performed to examine the
effects of low density flows and real gas effects on the aerothermal characteristics of the flows in
the LENS I shock tunnel and LENS X expansion tunnel and on simple and complex flowfields
developed in hypervelocity flows over simple and complex vehicle configurations.
Measurements with hollow cylinder/flare and double cone configurations were obtained over a
range of Reynolds numbers and Mach numbers to evaluate the performance of modified Navier-
Stokes and DSMC methods. These studies demonstrated that in the absence of real gas effects
the DSMC and Navier-Stokes solutions accounting for slip effects were in excellent agreement
with the measurements. An extensive series of calibration and validation studies were performed
to define the freestream flows in the LENS I and LENS X tunnels for low density flows and high
enthalpy flows at velocities up to 16,000 fl/s. A major study was also successfully conducted to
employ laser diagnostics to measure the velocity and concentration of NO and oxygen in the
freestream. Measurements made in these studies indicated while the velocity was accurately
predicted by the numerical code, the levels of NO concentration (2% to 3%) were significantly
less than those predicted by the Navier Stokes codes (-6%).

The measurements on the double cone configuration in air and nitrogen flows demonstrated
that while there was little effect of real gas chemistry on the structure of the interaction regions at
velocities below 10,000 ft/s, at velocities above 13,000 ft/s there were significant differences
between the interaction regions in nitrogen and air flows and while the computations agreed with
the measurements in nitrogen, they differed significantly both in the size and properties of the
interaction regions in air. These studies with the double cone configuration were followed by a
major experimental program to evaluate real gas effects over a shuttle configuration with
particular emphasis on the separated regions of shock wave/boundary layer interaction on the
control surfaces and the expansion regions over the rear surfaces of the shuttle. These studies
again demonstrated that real gas effects decrease the size of the interaction region over the flap
control surface increasing its effectiveness while causing the pressures on the adjacent curved
section of the wing to be lower because of nonequilibrium effects in the freestream. In these
studied it was also observed that real gas chemistry can have a significant destabilizing effect on
boundary layer transition resulting in real gas flows which become transitional or turbulent at
lower Reynolds numbers than observed for flows in the absence of chemistry.
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